Introduction
============

The retroviral lifecycle depends on insertion of viral DNA into a host cell chromosome, and integrase (IN) is the enzyme that orchestrates the key catalytic events involved in this process (reviewed in [@b5]; [@b31]). IN is responsible first for 3′-processing, the reaction in which two or three nucleotides are removed from one or both 3′-viral DNA ends, leaving 3′-hydroxyl groups. IN subsequently catalyses strand transfer, wherein it uses the 3′-hydroxyls to attack a pair of phosphodiester bonds in host cell DNA.

Retroviral INs contain three canonical domains: a zinc-binding N-terminal domain, a catalytic core domain harbouring the active site and a C-terminal domain ([@b12]; [@b29]; [@b20]). The IN active site contains a triad of invariant acidic residues, referred to as the D,DX~35~E motif ([@b12]; [@b29]; [@b10]). The carboxylates coordinate a pair of divalent metal cations, essential for both enzymatic activities. Abundant *in vivo*, Mg^2+^ is considered to be the natural cofactor, although Mn^2+^ fully supports IN function *in vitro* ([@b3]; [@b13]; [@b1]; [@b20]). Both reactions catalysed by the IN active site proceed via bimolecular nucleophilic substitution (S~N~2), shared by metal-dependent nucleotidyl transferases and some nucleases, including transposases and RNase H enzymes ([@b14]; [@b38]; [@b6]; [@b28]; [@b41]). The metal ion cofactors are thought to play dual roles during catalysis. Owing to the preferred octahedral geometry of the Mg^2+^ and Mn^2+^ coordination spheres ([@b19]), the ions initially help to select and position the reacting groups. Second, they help to destabilize the scissile phosphodiester and promote formation of the phosphorane intermediate ([@b41]; [@b49]).

Retroviral integration shares a common set of intermediates with many DNA transposition systems ([Figure 1A](#f1){ref-type="fig"}) ([@b33]; [@b32]). Initially, a tetramer of IN assembles on the viral DNA ends, forming the intasome. Following 3′-processing, the intasome binds target DNA, in a transient target capture complex (TCC). Following strand transfer, the post-catalytic strand transfer complex (STC) likely requires energy-dependent disassembly prior to 5′-end joining by the host DNA repair machinery. In the context of this work it is helpful to discriminate between two forms of the intasome: its initial state containing unprocessed (blunt) viral DNA ends and its post-3′-processing state. Herein, we refer to these complexes as uncleaved and cleaved intasomes (UI and CI), respectively. The intasome in its post-3′-processing state (CI), TCC and STC were recently structurally characterized using the IN from prototype foamy virus (PFV) (reviewed in [@b4]). The CI comprises a dimer-of-dimers of IN, wherein the central pair of IN subunits form a network of protein--protein and protein--DNA interactions and engage the processed 3′-viral DNA ends within their active sites ([@b20]). All three canonical domains of the inner IN subunits participate in protein--protein and protein--DNA interactions. The outer IN chains interact with the inner chains via the catalytic core domains. In the TCC, target DNA binds in a groove formed between the inner IN subunits in a severely bent conformation, forced to yield its target phosphodiesters to the IN active sites ([@b34]).

HIV-1 IN is a validated drug target with raltegravir currently being used for treatment of AIDS, and several related inhibitors are in clinical trials ([@b44]) (reviewed in [@b35]; [@b36]). These small molecules are classed as IN strand transfer inhibitors, as they specifically target the second catalytic step of the integration process ([@b15]). Although inhibition of 3′-processing can be observed in the presence of elevated concentrations of these molecules ([@b37]), it is unlikely to contribute to their antiviral activity. Strand transfer inhibitor scaffolds comprise two functional moieties, a heterocyclic core displaying a triad of metal chelating atoms (typically three oxygens) and a halo-benzyl side chain, connected via a short, torsionally flexible linker. A high degree of sequence conservation in the active sites of retroviral INs allowed the use of the PFV intasome as a surrogate for its HIV-1 counterpart ([@b20], [@b22], [@b21]). In the PFV CI-inhibitor cocrystal structures, the metal chelating triad interacts with the Mg^2+^ cations in the IN active site, while the halo-benzyl side chain displaces the base of the reactive deoxyadenosine at the processed 3′-viral DNA end ([@b20], [@b22], [@b21]).

Our prior work focused on post-catalytic (CI and STC) or inactivated (TCC lacking 3′-hydroxyls or catalytic metal ions) IN--DNA complexes ([@b20]; [@b34]). Herein, we present crystal structures of the functional UI and TCC in their ground states committed for 3′-processing and strand transfer, respectively. The structures provide unprecedented insight into the positions of the metal ions and chemical reacting groups in the IN active site, highlight a substrate mimicry utilized by strand transfer inhibitors in their mode of binding to IN and explain why these small molecules are ineffective against the 3′-processing reaction and why inhibitors of 3′-processing have been more difficult to develop.

Results
=======

Detection of 3′-processing and strand transfer in crystallo
-----------------------------------------------------------

We were able to assemble and crystallize the PFV intasome containing a blunt-ended 19-bp DNA mimicking the unprocessed U5 end of the viral DNA (the complex referred to as UI). We also prepared crystals of the PFV TCC, by cocrystallization of the CI and a 30-bp target DNA molecule ([@b34]). Both types of crystals were grown in the presence of EDTA to chelate traces of divalent metal ions and prevent catalysis during crystallization.

To evaluate the functionality of the IN active site in the crystallized forms, we soaked the UI and TCC crystals in solutions containing Mn^2+^ or Mg^2+^ salts. The crystals were dissolved, and the DNA material, 5′-labelled by incubation with a polynucleotide kinase and γ-^32^P-ATP, was fractionated through denaturing polyacrylamide gels. The two 19-mer strands of the non-processed viral DNA substrate duplex migrate as a doublet, with clear separation of the 17-mer reaction product ([Figure 1B](#f1){ref-type="fig"}, lanes 1 and 2). Neither 3′-processing nor strand transfer products were detected prior to exposure of the UI and TCC crystals to Mg^2+^ or Mn^2+^ salts ([Figure 1B](#f1){ref-type="fig"}, lane 3; [Figure 1C](#f1){ref-type="fig"}, lane 7). The products of 3′-processing became detectable after soaking UI crystals in MnCl~2~ for 5 min, and the reaction was 50% complete after 120 min (based on relative intensities of R and r bands; [Figure 1B](#f1){ref-type="fig"}). Under optimized i*n vitro* conditions, strand transfer reactions using PFV IN and blunt viral DNA mimics are delayed by ∼30 min compared with using pre-processed viral DNA ([@b46]). Thus, the 3′-processing reaction time scale *in crystallo* was not drastically different to that in solution. Strand transfer ensued faster than 3′-processing, with products appearing after 30 s of soaking TCC crystals in the presence of Mn^2+^ ([Figure 1C](#f1){ref-type="fig"}, lane 8), and the reaction was over 50% complete after 2 min (lane 10). Importantly, both Mn^2+^ and Mg^2+^ could act as cofactors for both IN-catalysed reactions *in crystallo* ([Figure 1B](#f1){ref-type="fig"} lanes 9 and 10; [Figure 1C](#f1){ref-type="fig"}, lanes 13 and 14). These results confirmed that the intasome and TCC complexes are functional in their crystallized forms.

IN binding to blunt-ended viral DNA and the mechanism of 3′-processing
----------------------------------------------------------------------

We collected X-ray diffraction data and refined structures of the UI in the absence of metal cofactors (UI~Apo~) and after soaking the crystals in solutions containing Mn^2+^ for various periods of time ([Supplementary Table S1](#S1){ref-type="supplementary-material"}; [Supplementary Figure S1](#S1){ref-type="supplementary-material"}). As a more electron dense element than Mg, Mn allows for more precise determination of metal positions in crystal structures at the given medium--low resolution range (2.5--3 Å). A 5-min soak allowed us to freeze trap the Michaelis complex with full occupancy for both metal ions, and the structure was refined to 2.5 Å resolution (UI~Mn~; [Figure 2A](#f2){ref-type="fig"}). Prolonged soaks (24--48 h) revealed a structure (CI~Mn~) that was indistinguishable from that of the intasome assembled on pre-processed viral DNA ends ([@b20], [@b22]); the cleaved dinucleotide was not seen in the electron density, indicating that it had dissociated from the active site ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}). We also determined the structure of the UI with 5′-phosphorylated nonreactive viral DNA strands (UI~Mn~-PO3; [Supplementary Figure S2A](#S1){ref-type="supplementary-material"}). Addition of the phosphate group had no effect on the configuration of the IN active site ([Supplementary Figure S2B](#S1){ref-type="supplementary-material"}). This was expected, since the 5′-end of the nonreactive viral DNA strand is threaded outside of the active site ([Figure 2B](#f2){ref-type="fig"}) ([@b20]).

3′-Processing does not grossly affect the overall structure of the intasome, and the r.m.s. deviation between IN main chain atom positions in UI~Mn~ ([Figure 2A](#f2){ref-type="fig"}) and CI~Mn~ ([@b20], [@b22]) structures is only ∼0.35 Å. While sharing all of the major architectural features described for the cleaved complex ([@b20]), the UI structures reveal the IN active site committed for 3′-processing and the configuration of the reaction substrate. Three bases are unpaired at the viral DNA end due to the insertion of the IN 3~10~ helix η2 and η2/β5 loop between the reactive and nonreactive viral DNA strands ([Figure 2B](#f2){ref-type="fig"}). The fraying of viral DNA ends prior to 3′-processing is fully consistent with biochemical observations ([@b43]; [@b27]). The scissile pApT~OH~ dinucleotide passes over Pro214 and between Tyr212 and Gln186 and projects into the groove between the halves of the symmetric intasome structure ([Figures 2A](#f2){ref-type="fig"} and [3A](#f3){ref-type="fig"}). The interactions between the bases of the scissile dinucleotide and IN are limited to Van der Waals contacts with IN residues 212--214 ([Figure 3A](#f3){ref-type="fig"}), and its 3′-terminal thymidine is only partially ordered in the electron density. The bonding interactions of the scissile dinucleotide within the IN active site are made exclusively via the DNA phosphodiester backbone, which is well defined in electron density ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}). The internal phosphodiester of the dinucleotide is hydrogen bonded to the backbone amides of Tyr212 and Gln186, and makes Van der Waals interactions with the side chain of Tyr212 ([Figure 3A](#f3){ref-type="fig"}). Two Mn^2+^ ions bind at the active site, inducing relocation of the scissile phosphodiester towards the active site (1.6-Å shift in the position of the P atom; [Figure 3B](#f3){ref-type="fig"}). In the absence of metal ions the phosphodiester is less constrained, leading to higher B factors for the scissile dinucleotide and the disorder of the 3′-thymidine ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}).

The octahedral coordination sphere of metal A in the UI~Mn~ is nearly perfect, comprising an oxygen from each of the Asp128 and Asp185 carboxylates, the pro-*S* ~p~ oxygen atom of the scissile phosphodiester plus three water molecules, one of which (shown as a large sphere in [Figure 3C](#f3){ref-type="fig"}) is poised for in-line nucleophilic attack on the scissile phosphodiester. Metal B shares the non-bridging pro-*S* ~p~ oxygen with metal A and also contacts the bridging 3′-oxygen atom of the scissile phosphodiester, both oxygen atoms from the Glu221 carboxylate and one from the Asp128 side chain, plus one water molecule. Due to the bidentate coordination to Glu221 and the scissile phosphodiester, the coordination sphere of metal B is far from the optimal octahedral geometry ([@b19]). Thus, similar to the case of RNase H--substrate complex ([@b41]), the non-ideal ligand environment of metal B may promote destabilization of the scissile bond.

The distance between metal ions in the UI~Mn~ complex is 3.9 Å ([Figure 3D](#f3){ref-type="fig"}), which is very close to that seen in structures harbouring the RNase H--substrate state ([@b40]). Dissociation of the cleaved dinucleotide allows the metals to move closer to each other, separated by 3.1 Å in CI~Mn~. [@b41] observed variable metal positions in the RNase H active site, depending on the stage in the catalytic process. Their suggestion that movement of metal ions during catalysis may allow the attacking water molecule to approach the scissile phosphodiester was supported by molecular dynamics simulations ([@b8]; [@b42]). In our ground state UI~Mn~ structure, the water nucleophile is separated from the target phosphorus atom by 3.3 Å, a distance identical to that observed in RNase H--substrate complexes ([@b40]). Of note, the earlier work had to rely on inactivating mutations in the RNase H active site in order to stabilize the substrate-bound state. Our observation of the water in the identical position within the functional IN active site strongly argues for its functional significance.

The configuration of the UI~Mn~ active site explains observations made by Brown and colleagues over a decade ago that the HIV-1 IN 3′-processing reaction is strongly inhibited when the pro-*S* ~p~ oxygen of the scissile phosphodiester is replaced with sulphur, while no such effect was present at the pro-*R* ~p~ position ([@b17]). In the UI~Mn~ structure, the pro-*S* ~p~ oxygen is shared between metal ions ([Figure 3C](#f3){ref-type="fig"}). As a more electronegative and smaller atom, oxygen would be preferred at this position ([@b2]), while substitutions of the pro-*R* ~p~ oxygen, which is pointing away from the metal cofactors ([Figure 3C](#f3){ref-type="fig"}), are less likely to affect the catalysis.

Nucleophilic substitution requires two proton transfer events: initially from the water nucleophile (generating a reactive hydroxide anion) and then onto the 3′-alkoxide (generating the leaving 3′-hydroxyl). It was proposed that in RNase H a pro-*R* ~p~ oxygen atom of the phosphodiester group located 3′ of the cleavage site serves as a general base to abstract a proton from the attacking molecule; and that a protonated carboxylate coordinated to metal B donates a proton to the 3′-alkoxide completing the catalytic cycle ([@b42]). In the UI~Mn~ structure, the internal phosphodiester of the scissile dinucleotide is unlikely to act as a general base in the initial proton transfer, since its non-bridging oxygen atoms point away from the attacking water molecule and are hydrogen bonded to IN main chain amides. Second, unlike the situation in RNase H, the coordination sphere of metal B in the UI~Mn~ includes a water molecule, which may provide a proton for the leaving 3′-alkoxide. Thus, despite close similarities, the RNase H and IN systems likely differ in some details of their catalytic mechanisms. Quantum molecular mechanics simulations may help to explain the mechanism of proton transfer during 3′-processing.

Target DNA binding and strand transfer
--------------------------------------

Because strand transfer in the TCC crystals is relatively fast ([Figure 1C](#f1){ref-type="fig"}), considerable effort was expended to optimize metal-soaking and snap-freezing conditions, with over 200 TCC crystals utilized. Very short soaks (\<1 min) resulted in predominant binding of a single Mn^2+^ ion at position B, leaving position A only partially occupied (TCC~Mn~\*, the asterisk indicates an early intermediate), while incubations for 2.5 min or longer resulted in complete strand transfer. Soaking TCC crystals with Mn^2+^ for intermediate periods often had deleterious effects on the diffraction limit, presumably due to induced crystal heterogeneity. Following a large number of trials we were able to acquire a 3.0-Å resolution data set from a 1.5-min soak, which revealed a metal-occupied TCC active site poised for strand transfer (TCC~Mn~). Two independent structures of the post-strand transfer states, STC~Mn~\* (early intermediate) and STC~Mn~ (late), were refined using diffraction data collected from TCC crystals incubated in the presence of Mn^2+^ for 2.5 min and 2 h, respectively. In addition, the structure of the metal-free TCC (TCC~Apo~) was refined to 3.15 Å resolution ([Supplementary Table S1](#S1){ref-type="supplementary-material"}; see also [Supplementary Figure S3](#S1){ref-type="supplementary-material"} for the final and simulated annealing omit electron density maps of the refined models). Of note, kinetic analysis of strand transfer through dissolving soaked TCC crystals and radiolabelling substrate and product DNAs ([Figure 1C](#f1){ref-type="fig"}) suggested a faster reaction to that observed by X-ray crystallography; the apparent discrepancy is explained by the different methods used to stop the reactions---back-soaking in EDTA versus instant freezing.

The phosphodiester backbone of the target DNA in the TCC overlaps with that of the scissile dinucleotide in the UI ([Figure 4A](#f4){ref-type="fig"}). However, the target DNA in the TCC runs in the opposite direction to that of the viral DNA strand in the UI. The bases and ribose moieties of the targeted strand, being additionally base-paired as part of the duplex, are not in the same position as those of the scissile viral dinucleotide. In addition, the target phosphodiester group (marked 0 in the figure) has an inverted orientation compared with that of the viral scissile phosphodiester ([Figure 4A](#f4){ref-type="fig"}).

Upon target DNA loading, the metal cofactors move further apart from each other, with inter-metal distance increasing from 3.1 Å in CI~Mn~ to 3.8 Å in TCC~Mn~ due to the interaction with the target phosphodiester ([Figure 3D](#f3){ref-type="fig"}). This inter-metal distance is very close to that observed in the ground state UI~Mn~ and RNase H--substrate complexes. The phosphodiester located 5′ of the target site (marked −1 in [Figure 4A](#f4){ref-type="fig"}) interacts with the main chain amides of residues Tyr212 and Gln186, akin to the similarly positioned viral DNA phosphodiester in the UI ([Figure 3A](#f3){ref-type="fig"}). As in the case of the UI~Mn~ active site, the pro-*S* ~p~ oxygen atom of the target phosphodiester is shared between the metal ions, while the pro-*R* ~p~ atom is pointing away from the metals ([Figure 4B](#f4){ref-type="fig"}). This configuration explains the negative effects of thiosubstitutions at pro-*S* ~p~ positions in target DNA on IN strand transfer activity ([@b17]). Metal A additionally interacts with the 3′-bridging oxygen atom from the target phosphodiester and one oxygen atom from each of the Asp128 and Asp185 carboxylates. Metal B is bound to both oxygen atoms from the Glu221 side chain, the second carboxylate atom of Asp128, and the 3′-hydroxyl group from the viral DNA. Water molecules not fully discernable at the resolution of the diffraction data presumably complete the coordination spheres of both metals. The 3′-hydroxyl of viral DNA is poised for in-line nucleophilic attack on the target phosphodiester, separated from its phosphorus atom by ∼2.8 Å (path marked with red dash in [Figure 4B](#f4){ref-type="fig"}).

As predicted by [@b40], the roles of metal ion cofactors switch between 3′-processing and strand transfer, and it is metal B that activates the attacking 3′-hydroxyl group in the TCC. Following transesterification, the metal ions move closer again (3.2 Å in STC~Mn~\*; [Figure 3D](#f3){ref-type="fig"}), accompanied by ejection of the phosphodiester linking the viral and host DNA strands from the active site ([Figure 4B](#f4){ref-type="fig"}). Comparing structures of individually crystallized PFV TCC and STC, we observed a similar relocation of the newly made phosphodiester bond from the active site and postulated that this change serves to make the strand transfer reaction irreversible ([@b34]). However, because the original TCC and STC crystals were grown under different conditions, it was not clear whether the conformation change took place during the reaction, or was somehow enforced during crystallization of the STC. The fact that the phosphodiester ejection is observed upon strand transfer *in crystallo* strongly supports its functional relevance.

The STC~Mn~\* structure, determined from TCC crystals soaked for 2.5 min in the presence of MnCl~2~, contains two Mn^2+^ ions, refined at full occupancy. Longer soaks (\>1 h) yielded structures with a Mn^2+^ ion bound at position A, while position B was at most partially occupied, such as in the case of the STC~Mn~ ([Supplementary Figure S3](#S1){ref-type="supplementary-material"}), suggesting a slow dissociation of metal B after strand transfer. Similarly, STC crystals grown in the presence of Mg^2+^ had a single metal in the active site ([@b34]). We speculate that the apparent loss of metal B binding affinity following strand transfer is caused by the ejection of the newly formed phosphodiester form the active site.

Discussion
==========

The relatively slow kinetics and metal dependence of IN-catalysed reactions allowed us to freeze trap the relevant Michaelis complexes formed prior to 3′-processing and strand transfer without resorting to the use of inactivating mutations or detuned reaction conditions. The resulting structures not only shed light on the IN active site mechanics, but also provide many insights relevant to HIV IN inhibitor development. Strand transfer inhibitor binding to the retroviral intasome that has undergone 3′-processing requires displacement of the 3′-deoxyadenosine from the IN active site ([@b20], [@b22]). The UI~Mn~ structure provides an obvious explanation for the pronounced selectivity of this class of small molecules towards inhibiting strand transfer ([@b15]). Indeed, strand transfer inhibitor binding to the intasome prior to 3′-processing would require that the deoxyadenosine would leave the active site along with the uncleaved 3′-dinucleotide ([Figure 5](#f5){ref-type="fig"}), at the cost of disruption of additional interactions (phosphate-metal and phosphate-amide; [Figure 3A and C](#f3){ref-type="fig"}). Yet, the active site configuration in the UI~Mn~ complex does not necessarily preclude development of specific 3′-processing inhibitors, which would not require ejection of the trinucleotide. A small molecule binding at the viral DNA--IN interface and replacing the attacking water molecule with an inert metal chelating atom (such as an *sp*2 oxygen) would hinder the reaction. Formation of 5′-ester dinucleotide derivatives during 3′-processing by retroviral INs in the presence of glycerol and other alcohols ([@b47]; [@b9]) indicates that a range of nucleophiles can access the catalytic centre. In principle, with a cleverly designed ligand it may be possible to replace all three water molecules bound to metal A in the pre-3′-processing state. However, the apparent mobility of the scissile dinucleotide can pose a problem for 3′-processing inhibitor design. The 3′-nucleotide is only partially ordered in our UI~Apo~ structure and displays higher than average B factors even in UI~Mn~. It is not surprising therefore that its 3′-hydroxyl can sometimes replace the water nucleophile, explaining formation of the cyclic dinucleotide adduct, detectable amounts of which have been observed during 3′-processing by various retroviral INs *in vitro* ([@b14]; [@b9]).

Comparison of the ground state structures presented here with the strand transfer inhibitor-bound forms of the CI ([@b20], [@b22], [@b21]) highlights an intriguing case of substrate mimicry utilized by the drugs. Superposition of the UI~Mn~, TCC~Mn~ and raltegravir-bound CI (PDB ID 3OYA) places the middle oxygen atom of the metal chelating triad at the position normally occupied by the pro-*S* ~p~ oxygen atoms of the target or viral DNA scissile phosphodiester ([Figure 5](#f5){ref-type="fig"}; [Supplementary Figure S4](#S1){ref-type="supplementary-material"}). The oxygen atom distal from the inhibitor halo-benzyl side chain simultaneously mimics the attacking water molecule during 3′-processing and a bridging oxygen atom of the target phosphodiester during strand transfer. The third oxygen of the triad moreover mimics the attacking 3′-hydroxyl group during strand transfer and the bridging oxygen of the scissile phosphodiester during 3′-processing ([Figure 5](#f5){ref-type="fig"}). The ground state structures presented here may allow detailed molecular dynamics simulations of both IN-catalysed reactions. Calculation of the associated transition states of the scissile/target phosphodiesters will likely highlight more optimal positions for metal chelating atoms and the design of tighter binding strand transfer inhibitors. The structural incompatibility of target DNA binding to the intasome prior to 3′-processing ([Figure 4A](#f4){ref-type="fig"}) suggests that the scissile dinucleotide may in fact serve as a natural strand transfer inhibitor. The necessity to complete 3′-processing may restrict the ability of incompletely assembled viral nucleoprotein complexes to engage target DNA and perhaps reduce the chance of suicidal auto-integration.

Interactions between IN backbone atoms and reactive phosphodiesters observed in the UI and STC structures ([Figures 3C](#f3){ref-type="fig"} and [4A](#f4){ref-type="fig"}) likely help to align the substrate DNA backbone and the enzyme active site. The PFV IN main chain amides involved in these contacts belong to Tyr212 and Gln186 (corresponding to HIV-1 IN Tyr143 and Asn117, respectively) and directly abut the drug-binding pocket. Of the strand transfer inhibitors characterized structurally ([@b20], [@b22], [@b21]), only raltegravir forms a hydrogen bond with the Tyr amide ([Figure 5](#f5){ref-type="fig"}). A small molecule ligand that optimally reproduces both of these interactions could be predicted to bind tighter to the IN active site, regardless of local sequence variations. The IN surface involved in Van der Waals interactions with the first base of the scissile dinucleotide may represent another important contact point ([Figure 3A](#f3){ref-type="fig"}). Notably, the second-generation strand transfer inhibitor MK2048 and its analogues make contacts in this area ([@b45]; [@b22]). Recent biochemical data indicated a correlation between inhibitor activity against raltegravir-resistant HIV-1 variants and tighter binding to wild-type IN (slow off-rate) ([@b18]; [@b23]). Our results highlight functionally important contact points that have not been fully explored in the current HIV IN inhibitors, raising hopes that next-generation compounds can be developed based on the now available structural information.

Materials and methods
=====================

Crystal preparation
-------------------

The UI was prepared and crystallized as described previously for the cleaved complex ([@b22]) using oligonucleotides 5′-TGCGAAATTCCATGACAAT-3′ and 5′-ATTGTCATGGAATTTCGCA-3′, mimicking the transferred and nonreactive strands, respectively. For some experiments, the nonreactive DNA strand was synthetized with 5′-phosphate, to suppress its detection on radioactive gels. The TCC was prepared as described previously ([@b34]) in the presence of 2.5 mM EDTA and was crystallized at 18°C by vapour diffusion against a reservoir solution of 2.5 mM EDTA, 180 mM Li~2~SO~4~, 34% PEG-400 and 0.1 M Tris--HCl pH 7.4, in drops of 1 μl IN--DNA complex plus 1 μl reservoir solution.

Reactions in crystallo
----------------------

Crystals were transferred to drops containing reservoir solution plus 25 mM MnCl~2~ or MgCl~2~ and incubated at 18--20°C. To detect reaction products, the crystals were washed through three 2-μl drops of reservoir solution with no metal ions plus 5 mM EDTA, prior to transfer into 10 μl solubilization buffer containing 5 mM EDTA, 1% (w/v) SDS, 0.1 M Tris--HCl, pH 9.0. The samples, supplemented with 10 μg proteinase K, were incubated at 37°C for 1 h. The protease and SDS were removed by extraction with two changes of phenol--chloroform--isoamyl alcohol (25:24:1, pH 8.0). Following two additional extractions with chloroform, the samples were desiccated to dryness and re-dissolved in 10 μl of 10 mM MgCl~2~, 50 mM Tris--HCl, pH 7.4. The DNA products were 5′-end labelled using γ-^32^P-ATP and thermostable polynucleotide kinase Clp1 at 80°C ([@b24]). Labelled DNA species, separated on denaturing urea 17% polyacrylamide gels, were detected by phosphorimaging. RNA-specific 5′-OH kinases such as Clp1 or T4 polynucleotide kinase act on unpaired 5′-ends ([@b48]). Although both kinases were biased towards phosphorylating the nonreactive strand of the viral DNA duplex (strand N; [Figure 1A](#f1){ref-type="fig"}), which displays a protruding 5′-end following 3′-processing, the thermostable enzyme performed better at labelling other DNA species present in crystals. For X-ray diffraction studies, after soaking in the presence of 25 mM MnCl~2~ for set incubations times, crystals were flash-frozen in liquid nitrogen and stored until data collection at 100 K.

Diffraction data collection and structure refinement
----------------------------------------------------

X-ray diffraction data were collected on the beamlines I02, I03 and I04-1 of the Diamond Light Source (Oxfordshire, UK). Data, integrated using Mosflm ([@b30]) or XDS ([@b26]), were merged and scaled in Scala ([@b16]). The structures were solved by isomorphous replacement using PDB ID 3OY9 (for UI structures), 3OS0 (for STC) or 3OS1 (for TCC) as starting models. Coot ([@b11]) was used for manual model building, and Refmac ([@b39]) and Phenix ([@b50]) for structure refinement. All final models had good geometry ([Supplementary Table S1](#S1){ref-type="supplementary-material"}), as assessed by Molprobity ([@b7]). Composite simulated annealing omit maps ([Supplementary Figure S3](#S1){ref-type="supplementary-material"}) were generated in Phenix. All structural illustrations were created using PyMol ([www.pymol.org](http://www.pymol.org)).

Accession codes
---------------

The coordinates and structure factors for UI~Apo~, UI~Mn~, TCC~Apo~, TCC~Mn~ and STC~Mn~\* were deposited with the protein data bank under accession codes [4E7H](4E7H), [4E7I](4E7I), [4E7J](4E7J), [4E7K](4E7K) and [4E7L](4E7L), respectively. Structure factors for UI~Apo~-PO3, CI~Mn~ (analogous to 3OY9) and STC~Mn~ (similar to 3OS0) will be available on request.
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![Retroviral integration intermediates and detection of 3′-processing and strand transfer *in crystallo*. (**A**) Schematic of IN--DNA complexes observed in *in vitro* systems; a tetramer of IN (cyan oval) assembles on viral DNA ends, forming the intasome; this initial intasomal complex is referred to as the UI. In the presence of Mg^2+^ or Mn^2+^ cations, IN catalyses 3′-processing, resulting in the CI. The CI binds target DNA to form the target capture complex (TCC). The STC represents the final post-catalytic state. The reactive and nonreactive DNA strands at each viral DNA end and target DNA are shown as gold, orange and purple lines, respectively; arrowheads represent 3′-ends. Strand transfer inhibitors bind to the CI active sites and prevent formation of the TCC. Letter codes indicate DNA species observed in crystals: N, 19-mer nonreactive viral DNA strand; r and R, 19-mer unprocessed and 17-mer processed reactive strand, respectively; T, self-complementary 30-mer target DNA strands; R+T and t, 34-mer and 13-mer strand transfer products, respectively. (**B**) Denaturing PAGE analysis of DNA species isolated from UI crystals prior to (lane 3) or following soaking in the presence of Mn^2+^ (lanes 4--9) or Mg^2+^ (lane 10). Reaction times are indicated above the gel image; based on relative intensities of the R and r bands, the reaction was ∼10, 20 and 50% complete after 20, 45 and 120 min, respectively. 5′-Labelled N:r and N:R duplexes were loaded in lanes 1 and 2, respectively. Sizes of substrate and product oligonucleotides are indicated to the right of gel. The 5′-end of the nonreactive strand was blocked with a non-radioactive phosphate group to improve detection of the reactive strand during labelling, without perturbing the active site ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). (**C**) DNA species isolated from TCC crystals prior to (lane 7) or following incubation in Mn^2+^ (lanes 8--13) or Mg^2+^ (lane 14) for indicated periods of time; based on relative intensities of the T and t bands, the reaction was ∼30, 70, 90% complete after 30, 120 and 300 s, respectively. Lanes 1--6 contained t, S, T, N, R and annealed N:R DNA samples, respectively. Note that although intasome does not bind target DNA in a sequence-specific fashion, only the symmetric complex crystallizes under the conditions employed ([@b34]).](emboj2012118f1){#f1}

![Overall architecture of the retroviral intasome prior to 3′-processing. (**A**) The UI~Mn~ structure viewed in two orientations with IN chains shown in a space-fill mode (top) or as cartoons (bottom); the inner subunits are coloured dark cyan and green and outer chains grey. The reactive and nonreactive viral DNA strands are depicted as yellow and orange cartoons, respectively. Locations of the active sites (asterisks) and the scissile dinucleotides are indicated. Note that the crystallized construct is symmetrized by the presence of two identical viral DNA termini derived from the U5 viral DNA end. The native retroviral nucleoprotein complexes are less symmetric due to the sequence differences of the left (U3) and right (U5) viral DNA termini. In the native PFV UI, only the U5 DNA end is expected to have a scissile dinucleotide, while the U3 end, naturally terminating on a CA sequence, does not undergo 3′-processing ([@b25]). (**B**) Fraying of the viral DNA end prior to 3′-processing. IN is shown as cartoons (green) with secondary structure elements indicated; selected side chains are shown in sticks. The reactive and nonreactive viral DNA strands are shown as yellow and orange cartoons, respectively, with six terminal nucleotides indicated; grey spheres are Mn atoms.](emboj2012118f2){#f2}

![The IN active site engaged with the non-processed 3′-viral DNA end. (**A**) Stereo view (wall-eye) on the 3′-end of viral DNA in UI~Apo~. The protein is shown as a semitransparent blue surface and the DNA as a stick representation with the scissile phosphodiester in grey. Hydrogen bonds between the internal phosphodiester of the scissile dinucleotide and protein backbone amides are shown as dashes. (**B**) Stereo view of the active site bound to non-processed 3′-end of viral DNA end with and without Mn^2+^. Carbon atoms belonging to the UI~Apo~ structure are coloured blue, and those belonging to UI~Mn~ are green, while other atoms follow standard coloration: blue for nitrogen, red for oxygen and orange for phosphorus. Spheres represent the manganese ions; black arrow indicates the relocation of the scissile phosphodiester upon metal binding. (**C**) Stereo view of the active site in the UI~Mn~ structure. Metal ions are shown in purple and associated water molecules in red. The large red sphere indicates the water molecule poised to act as a nucleophile in 3′-processing, with potential path indicated with a red dash. (**D**) The inter metal distances in the different structures, with metals shown as purple spheres, carbons of protein in green, viral DNA in yellow and target DNA in magenta.](emboj2012118f3){#f3}

![Target DNA binding and the strand transfer reaction. (**A**) Stereo view of target DNA (magenta and purple) overlaid with the position of reactive viral DNA strand before processing (yellow) in TCC~Mn~ and UI~Mn~, respectively. The targeted, the upstream and downstream phosphodiesters of the target DNA are labelled in black with '0\', '−1\' and '+1\', respectively; the bases of the reactive viral DNA strand labelled in gold. (**B**) Relocation of the viral--target DNA phosphodiester bond following strand transfer (black arrow).](emboj2012118f4){#f4}

![Substrate mimicry by the HIV IN strand transfer inhibitors. Active sites of inhibitor-bound CI structures (PDB codes 3OYA, 3OYB, 3OYH, 3OYG, 3S3M) were superposed onto the UI~Mn~ (top) or TCC~Mn~ (bottom) based on Cα atoms of the active site residues. In the stereo views, raltegravir (3OYA) is shown as sticks with carbon atoms coloured green and fluorine in grey; only the metal chelating oxygen atoms of all other strand transfer inhibitors are shown (brown spheres). Protein is shown as semitransparent cartoons; viral and target DNA and selected IN residues as semitransparent sticks. Metal ions from the UI~Mn~ and TCC~Mn~ structures are shown as grey and those from the inhibitor-bound structures as green spheres. The pro-*S* ~p~ and the bridging 3′-oxygen atoms of the scissile or target phosphodiester (sticks), water (W~Nuc~) and 3′-hydroxyl nucleophiles are shown as red spheres. The images to the right are related to the stereo views by a 90° rotation, as indicated. Hydrogen bonds discussed in the text are shown as dashed lines. The direction of the nucleophilic attack during 3′-processing or strand transfer is indicated with a pink dashed line. The chemical structure of raltegravir is shown in [Supplementary Figure S4](#S1){ref-type="supplementary-material"}.](emboj2012118f5){#f5}
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